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Abstract
The Danish Eulerian Hemispheric Model (DEHM) is a 3-D dynamical atmospheric
transport model originally developed to describe the atmospheric transport of sulphur
into the Arctic. A new version of the model, DEHM-POP, developed to study the at-
mospheric transport and environmental fate of persistent organic pollutants (POPs)5
is presented. During environmental cycling, POPs can be deposited and re-emitted
several times before reaching a final destination. A description of the exchange pro-
cesses between the land/ocean surfaces and the atmosphere is included in the model
to account for this multi-hop transport. The α-isomer of the pesticide hexachlorocy-
clohexane (α-HCH) is used as tracer in the model development. The structure of the10
model and processes included are described in detail. The results from a model simu-
lation showing the atmospheric transport for the years 1991 to 1998 are presented and
evaluated against measurements. The annual averaged atmospheric concentration of
α-HCH for the 1990s is well described by the model; however, the shorter-term aver-
age concentration for most of the stations is not well captured. This indicates that the15
present simple surface description needs to be refined to get a better description of the
air-surface exchange proceses of POPs.
1. Introduction
The term persistent organic pollutants (POPs) is used to describe a group of chemical
compounds with different origins but common characteristics: semi-volatility, lipophilic-20
ity, bioaccumulation and great persistence in the environment (Jones and de Voogt,
1999). POPs are measured in all environmental media and in remote areas with no
usage or direct emissions of the compounds (AMAP, 1998).
The environmental fate of POPs is determined by the physical-chemical properties
of the compounds, such as the aqueous solubility, the vapour pressure, and the parti-25
tioning coefficient between air and water (the Henry’s law constant), octanol and water,
1340
ACPD
4, 1339–1370, 2004
Modelling the
atmospheric
transport of POPs
using a 3-D
dynamical model
K. M. Hansen et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Print Version
Interactive Discussion
© EGU 2004
and octanol and air, where octanol is used as a surrogate for the solid state (Jones and
de Voogt, 1999).
POPs have a potential for long-range transport through the atmosphere because
they are semi-volatile. The volatility is temperature dependent and POPs show a ten-
dency to accumulate in cold regions, a process named cold condensation (Wania and5
Mackay, 1993). POPs can also be re-emitted to the atmosphere after deposition to
the surface due to the temperature dependent volatility. In this way POPs can undergo
several cycles of deposition and re-emission before reaching their final destination, a
process named grasshopper or multi-hop transport (Wania and Mackay, 1996).
POPs have adverse health effects on humans and wildlife: harmful effects on the im-10
mune and reproductive systems, and carcinogenic effects (Jones and de Voogt, 1999).
POPs are lipophilic; they bioaccumulate and magnify through the food chain (Jones
and de Voogt, 1999). This raises concern especially for the top-predator species due
to the harmful effects.
Several of the POPs are now banned or regulated through international treaties but15
they are still found in the Arctic environment (AMAP, 1998). The atmosphere is the
major pathway of POPs to the Arctic; therefore the atmospheric concentration and
transport is a key factor in the study of Arctic environmental fate of POPs.
Concentrations of POPs in the environment are generally small and large samples
are required to quantify them. The result is a low spatial and temporal resolution of the20
available measurements. Besides measurements, the environmental fate of POPs can
be estimated using different types of models. Multimedia compartment models have
been used to evaluate the environmental fate of POPs on different scales with good re-
sults (e.g. Strand and Hov, 1996; Wania et al., 1999; Scheringer at al., 2000; MacLoed
et al., 2001; Prevedouros et al., 2004; Toose et al., 2004). These models have gen-25
erally very low spatial resolution with the whole globe or a confined region divided
into few climate zones with a compartment for each of the environmental compart-
ments described in each zone of the model. Information on size and extension of each
compartment and exchange between climate zones and between environmental com-
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partments is inferred from geographical reference databases and climatic averages of
meteorological data. This type of model can be run in steady state mode to evaluate the
environmental partitioning of POPs, or in dynamic mode to simulate the environmental
fate of a compound over a longer period. However, to evaluate the spatial and temporal
distribution of a compound in a certain area in detail, dynamical 3-D models must be5
used. Several models have been developed to describe the atmospheric transport of
POPs on both regional (e.g. van Jaarsveld et al., 1997; Ma et al., 2003), hemispheric
(Malanichev et al., 2004) and global scales (Koziol and Pudykiewicz, 2001).
The aim of this study is to present a high-resolution 3-D dynamical model, DEHM-
POP, describing the atmospheric transport and environmental fate of POPs within the10
Northern Hemisphere with special focus on the transport into the Arctic. DEHM-POP
has a higher spatial resolution and is used to simulate the atmospheric transport of
POPs over a longer period than previous models with comparable domain size.
2. Model description
DEHM-POP is developed based on the Danish Eulerian Hemispheric Model (DEHM):15
a 3-D Eulerian dynamical atmospheric transport model. DEHM was originally devel-
oped to study the atmospheric transport of sulphur into the Arctic (Christensen, 1997).
DEHM has also been expanded to study the atmospheric transport of lead (Chris-
tensen, 1999), CO2 (Geels et al., 2004) and a chemical scheme with 60 components
(Frohn et al., 2002); it has been validated thoroughly for these compounds. In the hor-20
izontal the model is defined on a regular grid using a polar-stereographic projection
with a resolution of 150 km×150 km at 60◦N. The DEHM-POP domain was enlarged
from 96×96 grid cells in the horizontal in the earlier versions of DEHM to 135×135 grid
cells and it now extends into the Southern Hemisphere (Fig. 1). There are 20 unevenly
distributed vertical layers discretized using terrain-following σ-coordinates extending to25
a height of approximately 18 km with the highest resolution near the surface.
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The model is based on the continuity equation:
∂q
∂t
= −
(
u
∂q
∂x
+ v
∂q
∂y
+ σ˙
∂q
∂σ
)
+Kx
∂2q
∂x2
+ Ky
∂2q
∂y2
+
∂
∂σ
(
Kσ
∂q
∂σ
)
+P (t, x, y, σ, q) −Q (t, x, y, σ, q) , (1)
where q is the mixing ratio of the modelled compound, t is time, x, y , and σ are the5
horizontal and vertical coordinates, u and v are the components of the horizontal wind
field and σ˙ is the generalised vertical velocity, Kx, Ky , and Kσ are the horizontal and
vertical diffusion coefficients, and P and Q are sources and sinks.
Time integration of the continuity equation is done by splitting it into five sub-models,
which are then solved successively in each time step. The first sub-model is the three-10
dimensional advection, sub-models two to four are diffusion in the three dimensions
and the fifth sub-model is sources and sinks including the special air-surface exchange
processes for POPs. The first four sub-models are unchanged from previous versions
of DEHM and they are thoroughly described by Christensen (1997) and Frohn et al.
(2002). The fifth sub-model is described in detail in the following subsections.15
The time step is calculated using a Courant-Friedrich-Levy stability criterion on the
basis of the horizontal and vertical wind fields and the horizontal boundary conditions
are non-periodic (Frohn et al., 2002). The boundary conditions are free at the top of
the domain (Christensen, 1997), and are given by the air-surface exchange fluxes at
the ground.20
2.1. The modelled compound
DEHM-POP is developed using the α-isomer of the insecticide hexachlorocyclohexane
(HCH) as tracer. α-HCH is the most abundant POP measured in air, water and snow
in the Arctic (AMAP, 1998). HCH is used worldwide in two different formulations: Tech-
nical HCH and Lindane. Technical HCH contains five stable isomers. Percentages of25
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isomers in the mixture are typically: α: 60–70%, β: 10–12%, γ: 6–10%, δ: 3–4%, :
3–4% depending on the manufacturer (Willett et al., 1998). Lindane is a refined product
containing almost pure γ-HCH, the isomer that exhibits the highest insecticidal activity
(Willett et al., 1998).
Technical HCH is the most used insecticide worldwide (Li et al., 2000), with an es-5
timated usage of 107 tonnes between 1947 and 1997 with maximum usage around
1980 (Li, 1999). Technical HCH is banned in most countries and only small amounts
are used worldwide, primarily for vector control. Lindane is still in use as seed treat-
ment in some countries, but is banned in others (Li, 1999). α-HCH primarily affects the
central nervous system and also promotes tumours (Willett et al., 1998).10
α-HCH is one of the most volatile POPs with a high vapour pressure. It also parti-
tions more readily into water than into solid phase (particles and soil) with high Henry’s
law constant and low octanol-air partitioning coefficient. Measurements at the Cana-
dian station Alert in the high Arctic have shown that even at temperatures of −40◦C
the average fraction sorbed on particles is less than 1% of the measured gas-phase15
fraction (Halsall et al., 1998). Therefore the particle-bound fraction of α-HCH can be
disregarded and α-HCH is modelled as a pure gas-phase chemical in DEHM-POP.
2.2. Atmospheric sources and sinks
The change in α-HCH concentration, Ca, in the atmospheric layers with time is de-
scribed in the model by:20
∂Ca
∂t
=
1
za
(Femis − Fexc,s) − λCa − kairCa, (2)
where za is the thickness of the layer, Femis is the emission, described in Sect. 2.4.2,
Fexc,s is the air-surface gas exchange flux, which is zero for all layers but the lowermost,
described in Sects. 2.3.1 and 2.3.2, λ is the wet deposition scavenging coefficient,
described in Sect. 2.2.1, and kair is the chemical transformation rate in air, described25
in Sect. 2.2.2.
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2.2.1. Wet deposition
Wet deposition of α-HCH is calculated in DEHM-POP using a simple parameterisa-
tion based on a scavenging coefficient formulation as in earlier versions of DEHM
(Christensen, 1997). The scavenging coefficients used in the model are 7.0×105 and
1.0×105 for in-cloud and below-cloud scavenging, respectively. In-cloud scavenging is5
more efficient due to the higher density of water droplets in clouds than below clouds.
2.2.2. Chemical reactions in the atmosphere
Reaction with OH radicals is assumed to be the most important transformation of α-
HCH in the atmosphere (Atkinson et al., 1999). A first order degradation rate is calcu-
lated in the model using an estimated mean residence time in the atmosphere due to10
reactions with OH radicals of kair=1/(118 days) (Mackay et al., 2000). A transforma-
tion of γ-HCH into α-HCH by UV radiation has been speculated (Pacyna and Oehme,
1988), but is not taken into account in the model since no direct observation has been
made of this reaction in the environment.
2.3. Surface compartments and air-surface exchange15
A description of the air-surface exchange processes is important when modelling the
environmental fate of POPs to account for the multi-hop transport. A soil module and
an ocean module are therefore included in DEHM-POP. The parameterisation of the
exchange processes between air and surface compartments is based on a zonally
averaged multi-compartment model (Strand and Hov, 1996).20
2.3.1. The soil module
The land covered surface in the model consists of a 0.15 m thick soil layer containing
a mixture of soil, air and water in fractions kept constant with time. The soil layer
is assumed to have the standard properties suggested by Jury et al. (1983) that are
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listed in Table 1. The change in α-HCH concentration in soil, Cs, with time is expressed
by:
∂Cs
∂t
=
1
zs
(
Fexc,soil + Fwet − Frun−through
) − ksoilCs, (3)
where zs is the soil depth, Fexc,soil is the air-soil gas exchange flux, Fwet is the wet
deposition, Frun−through is the amount of chemical running out with the excess water5
through the bottom of the soil layer, and ksoil is the degradation rate in soil.
Two additional fluxes are included in the original air-soil exchange process descrip-
tion: Application input and flux out of the soil due to evaporation of water (Strand and
Hov, 1996). The amount of α-HCH applied to the soil is taken into account when
emissions to air are calculated and it is therefore disregarded in this context. The10
evaporation of water is omitted since data on the latent heat flux were not extracted
from the meteorological model driving DEHM-POP.
The air-soil gas exchange flux is given by:
Fexc,soil = νs
(
Ca −
Cs
Ksa
)
, (4)
where νs is the exchange velocity, and Ksa is the partitioning coefficient between soil15
and air in the soil. The exchange velocity is given by (Strand and Hov, 1996):
νs =
(
DairG a
10/3 + DwaterL l
10/3H
)
(1 − l − a)−2
zs/2
, (5)
where DairG is the air diffusion coefficient, D
water
L is the liquid diffusion coefficient, l and
a is the water and air fractions in soil, respectively, and H is the dimensionless Henry’s
law constant (Strand and Hov, 1996). Partitioning between soil and air in the soil is20
given by:
Ksa = ρsfocKocH + l + a, (6)
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where ρs is the soil density, foc is the organic carbon fraction, and Koc is the organic
carbon partitioning coefficient taken to be: Koc=1.3 m
3kg−1 (Strand and Hov, 1996).
The dimensionless Henry’s law constant, H , is temperature dependent and calculated
using the equation:
H = RT exp
(
2.303m
T
− 2.303b
)
, (7)
5
where R is the molar gas constant, T is the temperature and m = 2810 and b = 9.31
are empirical constants determined for distilled water (Kucklick et al., 1991).
The excess run-through is calculated by:
Frun−through = FexcessCs
H
Ksa
, (8)
where Fexcess is the flux of excess water, which in the model is equal to the precipitation10
rate because the water content in the soil layer is kept constant and water evaporation
is omitted.
α-HCH is subject to biodegradation in soil. This process is not well quantified and
the degradation rate in soil is estimated to be: ksoil=1/(1 year) (Strand and Hov, 1996).
2.3.2. The ocean water module15
The ocean is assumed to be a 75 m deep well mixed surface ocean compartment. The
deep ocean, sediments and sea ice are not taken into account in the model.
The α-HCH concentration in the ocean, Co, changes with time:
∂Co
∂t
=
1
zo
(
Fexc,ocean + Fwet
) − koceanCo, (9)
where zo is the depth of the ocean compartment, kocean is the loss rate in the surface20
ocean compartment, and Fexc,ocean is the air-ocean gas exchange flux given by:
Fexc,ocean = νo(Ca −
Co
H
), (10)
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where νo is the exchange velocity calculated using the two layer resistance method. νo
is increasing with increasing wind speed.
The Henry’s law constant is determined as in Eq. (7) but with values for the empirical
constants: m=2969 and b=9.88 determined for artificial ocean water (Kucklick et al.,
1991).5
α-HCH is lost from the surface compartment by hydrolysis, biological degradation
and particle settling. None of these processes is well quantified, and a simple degra-
dation rate of kocean=1/(10 years) is used (Strand and Hov, 1996).
2.4. Model input
Meteorological data and emissions are used as input to the model simulations. Initial10
concentrations in the three media are also considered as input, since the usage of
α-HCH started more than 40 years before the modelling period.
2.4.1. Meteorological data
DEHM-POP is driven by meteorological data from the numerical weather prediction
model MM5v2 (Grell et al., 1995). This model supplies temperature, wind velocity, and15
humidity data in each DEHM-POP grid cell for the years 1991–1998 with a time reso-
lution of 3 hours. It uses the global meteorological TOGA data set from the European
Centre for Medium Range Weather Forecasts on a 2.5◦×2.5◦ grid with a time resolution
of 12 h as input.
2.4.2. Emission data20
As emission input we use data on global α-HCH emissions in 1990 and 2000 dis-
tributed on a 1◦×1◦ grid (Li et al., 2000). The emissions for each year are calculated
by taking usage from that year as well as volatilisation from previous years usage into
account (Li et al., 2000). The emissions have been redistributed to the DEHM-POP
model grid (Fig. 2).25
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Emissions for the years 1991–1998 have been obtained by assuming a linear devel-
opment of the emissions between 1990 and 2000 in each grid cell. The emissions for
each year have been distributed evenly throughout the year. Emissions are mixed up
to a height of 800 m, a typical extension of the planetary boundary layer.
2.4.3. Initial concentrations5
Most of the estimated 107 tonnes Technical HCH was used before the start of the
modelled period. Due to the great persistence of the compound some of it is still
found in the environment, especially in the ocean since α-HCH is one of the most
water soluble POPs. This can act as a source to the atmosphere by re-volatilisation,
which has been observed in the Bering and Chukchi Seas (Jantunen and Bidleman,10
1995). A set of α-HCH measurements from the late 1980s and early 1990s collected
from the literature (Terry Bidleman, personal communication) was plotted in the DEHM-
POP grid. Values in all DEHM-POP grid cells were inter- and extrapolated from these
(Fig. 3). This is used as initial condition for the model simulation. Measurements
from between 1987 and 1996 are used to ensure a reasonable coverage of the world’s15
oceans and as large a number of points for the interpolation as possible. In grid points
with more than one measurement, the average value of the measurements was used.
No initial concentration in soil is used in the model simulation. Since emissions from
residues in agricultural soil from previous years usage is taken into account in the
emission data, only the re-emission from previous deposition of chemicals to the soil is20
not accounted for. Combined with the relative short lifetime of α-HCH in soil the error
induced by omitting this will not not be large.
The mixing time in the atmosphere is short and atmospheric concentrations rapidly
disperse through the model domain. No initial concentration in the atmosphere is there-
fore used in the model simulation. To minimise the effect of this assumption, data from25
January 1991 is omitted in the model evaluation.
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3. Results
The model was run for the years 1991–1998. The mean concentration in the lowermost
atmospheric layer for the years 1992 and 1998 is seen in Fig. 4. Air concentrations are
generally high over areas with emissions such as India, Southeast Asia, Southern Eu-
rope and Mexico, but significant concentrations are also seen in air over areas without5
primary emissions such as the Atlantic and Pacific Oceans and the Arctic. There is
generally a decrease in air concentrations from 1992 to 1998. However, in some areas
over the Pacific Ocean the air concentrations increase.
3.1. Model evaluation
Monitoring programs with regular measurements of atmospheric POPs concentrations10
have been established since the beginning of the 1990s by deployment of active air
samplers at different sites. The time span and the temporal resolution of the measure-
ments are very variable at the different stations (Table 2). To evaluate the model results,
measurements from 9 stations in the Northern Hemisphere are obtained from EMEP
(Aas et al., 2003; Berg et al., 2001). The location of the stations is plotted in Fig. 5.15
Only four stations conduct continuous measurements: Alert, Tagish, Dunai Island, and
Storho´fdi. At the other stations measurements are made only 20–30% of the time.
Daily averaged concentrations from the lowermost atmospheric layer of the model
are extracted at each measurement site. A clear seasonal pattern with higher con-
centrations during summer than winter is found in the daily averaged α-HCH concen-20
trations in the model at all stations and most clearly for the two high Arctic stations
at Alert and Spitzbergen (not shown). At the more southerly stations the amplitude
of the seasonal signal is lower and the seasonal pattern is perturbed by short-term
spikes mainly during summer (not shown). When air samples are taken over several
days, the model results are averaged over the deployment time of the air sampler to25
make a direct comparison of the model results with individual measurements possible.
Measurements at Lista are made once a week but only monthly averaged values were
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available for this study. These were compared to the average concentration for the
whole month from the model, because the date of the individual measurements were
not known. Concentrations in soil and ocean water are not evaluated.
3.1.1. Annual averaged air concentrations
The average and range for all measurements and corresponding model results are cal-5
culated for each station (Table 2). Annual averages are also calculated and compared
(Fig. 6). The predicted averaged concentrations are within a factor 3 of the measure-
ments at all stations and for most stations within a factor 2 or less. The averaged con-
centrations are consistently underestimated by the model at the three stations Alert,
Spitzbergen and Tagish but consistently overestimated at all other stations. Except for10
some very low measured values, the range of the model predictions is within a factor 4
of the range of measurements (Table 2).
3.1.2. Evaluation against individual measurements
The model results are also compared directly with individual measurements. When
the model results are averaged over the days of each individual measurement, the15
seasonal pattern seen in the daily averaged model concentrations is averaged out at all
stations but Alert, Spitzbergen and Lista (not shown). Measured α-HCH concentrations
are plotted against model calculations in scatter plots and corrlation is tested with a t-
test. No statistically significant correlation is found except at Ro¨rvik, significant within a
1% significance level, and at Lista, significant within a 0.1% significance level (Fig. 7).20
There are negative trends in both measured and modelled concentrations over the
years 1991–1998 at Lista that are very similar; the measurements decrease with
8.4 pgm−3 per year, while the model results decrease by 9.1 pgm−3 per year on aver-
age (Fig. 8).
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4. Discussion
The decreased air concentrations from 1992 to 1998 predicted by the model (see
Fig. 4) reflect the reduced emissions in this period. Higher α-HCH concentrations over
the Bering Sea than over the surrounding seas in the beginning of the model simulation
indicate a re-volatilisation from the ocean to the air, which has also been observed in5
the beginning of the 1990s (Jantunen and Bidleman, 1995). In 1998 there is a higher
α-HCH concentrations in air over some parts of the Pacific Ocean than in 1992. This
can be interpreted as a closer equilibrium between air and ocean water towards the
end of the model simulation, which will lead to a decreased deposition to the ocean
and hence a potential for higher concentrations in the air.10
The spikes found in the daily averaged model data can be interpreted as individual
transport episodes from areas with primary emissions. More spikes are therefore found
at the low latitude stations closer to source areas than at the high latitude stations.
The seasonal pattern, with higher concentrations during summer than during win-
ter found in the daily averaged model results, indicates that temperature dependent15
re-volatilisation from the surface contributes significantly to the atmospheric concen-
trations. Another indication of this is the trend in air concentrations seen at Lista (see
Fig. 8), which decrease much less than the emissions over the modelled period (see
Fig. 2). Higher amplitudes in the seasonal pattern at the high Arctic stations are prob-
ably due to higher temperature amplitudes here. Another factor influencing the air20
concentrations at the high Arctic sites is the omission of sea ice in the model, which
leads to higher re-volatilisation from the oceans. Sea ice acts as a lid on the Arctic
Ocean reducing the air-ocean exchange greatly.
Observations of α-HCH in air at the high Arctic stations indicate a bi-modal pattern
with peak concentrations in spring and autumn (Hung et al., 2002). Different mecha-25
nisms have been suggested to explain this pattern, e.g. a filter effect of the vegetation,
removing the chemicals in air from contaminated areas before it reaches the Arctic
(Hung et al., 2002). Other factors influencing the air concentration pattern could be re-
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volatilisation from the snowpack and a change in type of precipitation (Halsall, 2004).
Neither of these processes is, at present, taken into account in the model with the
very simple surface parameterisation. This offers an explanation of the deviation of
the model results from the observed pattern. There are further indications that surface
characteristics not described with the simple surface parameterisation in the model,5
e.g. vegetation, influence the observed values but not the model results. The lack of
correlation between individual measurements and model results is one indication (see
Fig. 7). Another indication of this is the difference between the two Swedish stations
Ro¨rvik and Aspvreten, which are separated by only a few grid cells. There is a high cor-
relation of the daily averaged air concentrations in the model between the two stations,10
but the similar evaluation against measurements is very different. Almost all measured
concentrations are underestimated at Ro¨rvik and there is a low but statistically signifi-
cant correlation between measurements and model results, while the data show more
scatter at Aspvreten (Fig. 7).
Contrary to the other stations, the correlation between measurements and model15
results at Lista is evident (see Figs. 7 and 8). Although the model results are not
compared directly with measurements at Lista but with average values of 4–5 mea-
surements for each month, the correlation is not believed to be an artifact of the data
treatment. The location of the station, at the southern tip of Norway, probably influences
the correlation between measurements and model results. Back-trajectory calculations20
indicate that the air measured at Lista originate from the nearby North Sea about 2/3 of
the time (Haugen et al., 1998). In this case, the simple surface parameterisation used
in the model apparently is sufficient to capture the air-surface exchange proceses.
A seasonal pattern is not noticed in α-HCH measurements from Lista, and the con-
centrations measured between 1991 and 1995 are suggested to arise from advection25
into the area (Haugen et al., 1998). However, seasonal patterns may not be captured
by the measurements due to non-continuous deployment periods at most stations. An
indication of this is found for the model results where the seasonal pattern is no longer
apparent for most stations when the results are averaged over the periods of the in-
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dividual measurements (not shown). Furthermore, when the monthly averaged mea-
surements from 1991–1998 at Lista are averaged for each month there do appear to
be higher concentrations in the summer months than in the winter months as is found
in the model results (Fig. 9).
The emission data is also a source of uncertainty in the model results. The as-5
sumption of evenly distributed emissions throughout the year can also contribute to the
deviations between measurements and model results. The usage of HCH is closely
linked to the crop season since it is an insecticide. However, different usage patterns in
different parts of the world complicate estimation of emission factors, and, at present,
emission data with higher temporal resolution are not available. Another uncertainty10
induced by the emission input arises from the estimation of the annual emissions for
the years 1991–1998 by linear interpolation of the 1990 and 2000 emissions. This ap-
proach fails to account for sudden decrease in emissions from one year to another due
to a ban on usage of the compound. We chose to use this approach, since no emission
estimates for the years were available.15
4.1. Comparison with other model results
Three different box models were used previously to study the global fate of α-HCH. Two
models are zonally averaged models with 6 and 10 zonaly averaged regions, respec-
tively (Strand and Hov, 1996; Wania et al., 1999). The third model is divided into 25
zones following both climatic and continental or political borders (Toose et al., 2004).20
It is difficult to compare the results from these models directly with the DEHM-POP
results because of their low spatial resolution.
The results from the Strand and Hov model are given as annual average concentra-
tions for the year 1985 and the air concentrations are higher than predicted by DEHM-
POP (Strand and Hov, 1996). This can be explained by higher emissions for the years25
before 1990.
The other two models were run for a 50 year period. The Wania et al. model predicts
generally a factor 2–3 higher concentrations than DEHM-POP in the 1990s (Wania et
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al., 1999). Results from the Toose et al. model agree well with DEHM-POP model
results for the European and Arctic regions, but are approximately a factor 10 lower for
Arctic Canada (Toose et al., 2004). Overall, there is a fairly good agreement between
DEHM-POP and the three models despite the different spatial resolution and different
process description.5
Only one dynamical model was used to study the environmental fate of α-HCH
(Koziol and Pudykiewicz, 2001). It is a global atmospheric transport model with a
horizontal resolution of 2◦×2◦ and 11 vertical layers, and it has been used to study
the atmospheric transport of α-HCH for the years 1993–1994 (Koziol and Pudykiewicz,
2001). A clear seasonal pattern with higher values during summer than winter is also10
seen in the model results for the four studied stations: Alert, Spitzbergen, Dunai Island
and Tagish (Koziol and Pudykiewicz, 2001). For the first three stations the concentra-
tions predicted by the two models are of comparable magnitude, whereas for Tagish
the Koziol and Pudykiewicz model predicts a factor 5–6 higher concentrations than
DEHM-POP.15
5. Conclusions
The Danish Eulerian Hemispheric Model was further developed to describe the atmo-
spheric transport and environmental fate of persistent organic pollutants in the North-
ern Hemisphere. Two surface compartments and exchange processes between air
and the surfaces were introduced in the model to account for the multi-hop transport of20
POPs.
The model was used to study the atmospheric transport and environmental fate of
the insecticide α-hexachlorocyclohexane for the years 1991–1998, and the results
were evaluated against measurements. The model results are promissing. The an-
nual averaged air concentration of α-HCH is predicted within a factor 2–3 of measured25
concentrations in the model domain. These results are better than the results from
previous models describing the environmental fate of α-HCH. The shorter-term aver-
1355
ACPD
4, 1339–1370, 2004
Modelling the
atmospheric
transport of POPs
using a 3-D
dynamical model
K. M. Hansen et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Print Version
Interactive Discussion
© EGU 2004
aged air concentration of α-HCH is well predicted at two of the stations, however, at
the other stations there is no correlation between individual measurements and model
results. This is probably due to the simple description of the surface characteristics,
where only two types of surfaces are included: soil and ocean water. There is thus a
need for investigating the role of the omitted surface characteristics such as vegetation,5
snow, and sea ice on the fate of POPs. We are currently developing the model further
by considering these issues.
Acknowledgements. This project is partly funded by the Danish Research Training Council
through the Copenhagen Global Change Initiative. Thanks to T. Bidleman for supplying a col-
lection of data on measured α-HCH concentrations in ocean water.10
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Table 1. Values of soil and chemical properties used in DEHM-POP, as suggested by Jury et
al. (1983).
Parameter Symbol Units Value
Soil depth zs m 0.15
Water content l m3m−3 0.3
Air content a m3m−3 0.2
Bulk density ρs kgm
−3 1350
Organic carbon fraction foc kgkg
−1 0.0125
Air diffusion coefficient Dairg m
2s−1 5.0×10−6
Water diffusion coefficient DwaterL m
2s−1 5.0×10−10
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Table 2. Years of sampling, number, typical deployment time and sampling frequency of the
measurements, and mean and range of measurements and model results for each of the stud-
ied stations (Aas et al., 2003; Berg et al., 2001). 1Measurements at Lista have been made once
a week but only monthly mean values were available for this study.
Station Years of Number of Average Average Measurements Model results
sampling measurements develpment sampling Mean and range Mean and range
time (days) frequency (pgm−3) (pgm−3)
Alert 1992–1998 303 7 1/week 54.4 (0.1–310.7) 28.8 (2.6–84.2)
Tagish 1992–1994 80 7 1/week 70.4 (23.6–160.0) 42.1 (16.9–86.3)
Spitzbergen 1993–1998 303 2 1/week 58.9 (0.1–203.1) 49.5 (5.5-153.8)
Dunai Island 1993 33 7 1/week 40.0 (0.6–77) 60.5 (9.8–124.9)
Lista1 1991–1998 95 1 1/week 66.6 (20.8–170) 96.1 (39.6–197.4)
Ro¨rvik 1994–1998 56 7 1/month 24.2 (2–63) 65.4 (15.8–191.4)
Aspvreten 1995–1998 40 7 1/month 55.7 (20–161) 73.1 (18.6–190.3)
Pallas 1996–1998 36 7 1/month 23.2 (3–40) 37.6 (8.4–88.1)
Storho´fdi 1995–1998 103 14 2/month 16.7 (3.7–55.9) 30.4 (11.7–57.8)
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Fig. 1. The DEHM-POP model domain and horizontal grid: A polar stereographic projection
with a resolution of 150 km×150 km at 60◦ N.
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Hansen et al.: Modelling the atmospheric transport of POPs using a 3-D dynamical model 5
Fig. 2. Emissions of   -HCH for 1990 (left) and 2000 (right) (Li et al., 2000). The data are redistributed to the DEHM-POP model grid.
Notice the different colour scales.
1990s collected from the literature (Terry Bidleman, personal
communication) was plotted in the DEHM-POP grid. Val-
ues in all DEHM-POP grid cells were inter- and extrapolated
from these (Fig. 3). This is used as initial condition for the
model simulation. Measurements from between 1987 and
1996 are used to ensure a reasonable coverage of the world’s
oceans and as large a number of points for the interpolation
as possible. In grid points with more than one measurement,
the average value of the measurements was used.
No initial concentration in soil is used in the model sim-
ulation. Since emissions from residues in agricultural soil
from previous years usage is taken into account in the emis-
sion data, only the re-emission from previous deposition of
chemicals to the soil is not accounted for. Combined with the
relative short lifetime of   -HCH in soil the error induced by
omitting this will not not be large.
The mixing time in the atmosphere is short and atmo-
spheric concentrations rapidly disperse through the model
domain. No initial concentration in the atmosphere is there-
fore used in the model simulation. To minimise the effect
of this assumption, data from January 1991 is omitted in the
model evaluation.
3 Results
The model was run for the years 1991 – 1998. The mean con-
centration in the lowermost atmospheric layer for the years
1992 and 1998 is seen in Fig. 4. Air concentrations are gen-
erally high over areas with emissions such as India, Southeast
Asia, Southern Europe and Mexico, but significant concen-
trations are also seen in air over areas without primary emis-
sions such as the Atlantic and Pacific Oceans and the Arctic.
There is generally a decrease in air concentrations from 1992
to 1998. However, in some areas over the Pacific Ocean the
air concentrations increase.
3.1 Model evaluation
Monitoring programs with regular measurements of atmo-
spheric POPs concentrations have been established since the
beginning of the 1990s by deployment of active air samplers
at different sites. The time span and the temporal resolu-
tion of the measurements are very variable at the different
stations (Table 2). To evaluate the model results, measure-
ments from 9 stations in the Northern Hemisphere are ob-
tained from EMEP (Aas et al., 2003; Berg et al., 2001). The
location of the stations is plotted in Fig. 5. Only four stations
conduct continuous measurements: Alert, Tagish, Dunai Is-
www.atmos-chem-phys.org/0000/0001/ Atmos. Chem. Phys., 0000, 0001–12, 2004
Fig. 2. Emissions of α-HCH for 1990 (left) and 2000 (right) (Li et al., 2000). The data are
redistributed to the DEHM-POP model grid. Notice the different colour scales.
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Fig. 3. Initial α-HCH concentration in ocean water derived from an inter- and extra-polation of
measurements from the late 1980s and early 1990s.
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Hansen et al.: Modelling the atmospheric transport of POPs using a 3-D dynamical model 7
Fig. 4. Mean concentrations of   -HCH in the lowermost atmospheric layer for the years 1992 (left) and 1998 (right).
3.1.2 Evaluation against individual measurements
The model results are also compared directly with individual
measurements. When the model results are averaged over
the days of each individual measurement, the seasonal pat-
tern seen in the daily averaged model concentrations is av-
eraged out at all stations but Alert, Spitzbergen and Lista
(not shown). Measured   -HCH concentrations are plotted
against model calculations in scatter plots and corrlation is
tested with a t-test. No statistically significant correlation
is found except at Ro¨rvik, significant within a 1% signifi-
cance level, and at Lista, significant within a 0.1% signifi-
cance level (Fig. 7).
There are negative trends in both measured and modelled
concentrations over the years 1991 – 1998 at Lista that are
very similar; the measurements decrease with `+ +    m  per
year, while the model results decrease by & +     m  per year
on average (Fig. 8).
4 Discussion
The decreased air concentrations from 1992 to 1998 pre-
dicted by the model (see Fig. 4) reflect the reduced emissions
in this period. Higher   -HCH concentrations over the Bering
Sea than over the surrounding seas in the beginning of the
model simulation indicate a re-volatilisation from the ocean
to the air, which has also been observed in the beginning of
the 1990s (Jantunen and Bidleman, 1995). In 1998 there is a
higher   -HCH concentrations in air over some parts of the
Pacific Ocean than in 1992. This can be interpreted as a
closer equilibrium between air and ocean water towards the
end of the model simulation, which will lead to a decreased
deposition to the ocean and hence a potential for higher con-
centrations in the air.
The spikes found in the daily averaged model data can be
interpreted as individual transport episodes from areas with
primary emissions. More spikes are therefore found at the
low latitude stations closer to source areas than at the high
latitude stations.
The seasonal pattern, with higher concentrations dur-
ing summer than during winter found in the daily aver-
aged model results, indicates that temperature dependent re-
volatilisation from the surface contributes significantly to the
atmospheric concentrations. Another indication of this is the
trend in air concentrations seen at Lista (see Fig. 8), which
decrease much less than the emissions over the modelled pe-
riod (see Fig. 2). Higher amplitudes in the seasonal pattern
at the high Arctic stations are probably due to higher tem-
www.atmos-chem-phys.org/0000/0001/ Atmos. Chem. Phys., 0000, 0001–12, 2004
Fig. 4. Mean concentrations of α-HCH in the lowermost atmospheric layer for the years 1992
(left) and 1998 (right).
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Fig. 5. Location of the 9 measurement stations used in the model evaluation.
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Fig. 6. Three examples of the annual averaged concentration of α-HCH in the lowermost
atmospheric layer: Lista (blue) Alert (red) and Ro¨rvik (green). Measurements are shown in
dark colours and model results in light colours.
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10 Hansen et al.: Modelling the atmospheric transport of POPs using a 3-D dynamical model
Fig. 7. Four examples of the measured   -HCH concentrations in the lowermost atmospheric layer plottet against predicted concentrations:
Spitzbergen (Upper left), Lista (Upper right), Ro¨rvik (lower left) and Aspvreten (lower right). The results from all other stations are similar
to Spitsbergen and Aspvreten.
Atmos. Chem. Phys., 0000, 0001–12, 2004 www.atmos-chem-phys.org/0000/0001/
Fig. 7. Four examples of the measured α-HCH concentrations in the lowermost atmospheric
layer plottet against predicted concentrations: Spitzbergen (upper left), Lista (upper right),
Ro¨rvik (lower left) and Aspvreten (lower right). The results from all other stations are simi-
lar to Spitsbergen and Aspvreten.
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Fig. 8. Monthly averaged α-HCH concentrations at Lista for measurements (blue) and model
results (red). Black lines show the decreasing trend in concentrations for the measurements
(dashed) and model results (solid).
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Fig. 9. Average α-HCH concentration for each month for the years 1991–1998 at Lista, Norway.
Measurements are shown in blue and model results in red.
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